Background. Access to hepatitis C virus (HCV) treatment is limited in low-and middle-income countries (LMICs). Noninvasive biomarkers, such as fibrosis 4 (FIB-4) and aminotransferase to platelet ratio index (APRI), are low-cost alternatives to staging liver disease and identifying treatment need in people with chronic HCV infection, but their accuracy has not been evaluated in LMICs.
the biopsy in many settings [9] . Transient elastography (eg, FibroScan), which provides liver stiffness measurements (LSMs), is a promising alternative due to its high accuracy in detecting severe fibrosis (FIB) and cirrhosis [10] . Elastography has been used in Europe and the United States for over a decade and is US Food and Drug Administration-approved for liver disease staging; however, the prohibitive cost of the machine itself (approximately $120 000) makes its adoption in LMICs challenging.
Noninvasive, serum biomarker panels, which have also been validated against biopsy, are an attractive alternative for staging patients with chronic HCV infection in LMICs [11] . Numerous biomarker panels have been assessed and generally perform best in predicting and excluding severe FIB and cirrhosis [11, 12] . However, most studies were conducted in high-income settings, and data are lacking on the accuracy of low-cost serum biomarker panels in LMICs, where individuals have varying ethnicities, background coinfections, and comorbidities that may impact performance [13] .
India has an estimated HCV population prevalence of 1%-2.4%, 3 million opiate users [14, 15] , and 1.1 million people who inject drugs (PWID) [16] . We previously documented a high burden of HCV infection [17] and liver stiffness among PWID in India [13] Moreover, we recently demonstrated a strong association between significant and severe stiffness and mortality. However, there is a paucity of research on the performance of validated inexpensive and noninvasive markers, such as FIB-4 [18] and aminotransferase to platelet ratio index (APRI) [19] . Accordingly, we evaluated performance of these panels and explored additional serum markers that might enhance prediction of severe liver stiffness and exclusion of significant stiffness among PWID chronically infected with HCV in Chennai, India.
METHODS

Study Population and Data Collection Procedures
As described previously [13] , the Chennai HIV, HCV and Eeral (liver disease) Study (CHHEERS) was conducted by YR Gaitonde Centre for Substance Abuse Research in Chennai, India, with enrollment beginning in 2012 and currently ongoing [20] . A convenience sample of current and former PWID was recruited by community outreach. Eligibility criteria were (1) being at least 18 years of age, (2) self-reported injection drug use in the past 5 years, and (3) mentally fit to understand study/consent procedures. In total, 1324 participants were screened, 1062 of whom were eligible, and 1042 were enrolled. At baseline, all participants underwent a blood draw (after overnight fast) followed by an interview-administered questionnaire. Self-reported data were collected on sociodemographics, past and current substance use, human immunodeficiency virus (HIV), HCV, and hepatitis B virus (HBV) testing and treatment history. A physician examined participants for signs or symptoms of liver disease and assessed FIB/cirrhosis and steatosis by transient elastography and ultrasonography, respectively.
Human immunodeficiency virus-negative and HIV-positive participants not on treatment were observed semiannually, and HIV-positive participants on treatment were observed quarterly. At semiannual visits, all participants underwent a follow-up questionnaire, a nonfasting blood draw, and elastography. Mortality data and cause were reported from other participants and field workers who actively tracked participants when they missed visits. In general, participants were tracked within 1 month of a missed visit.
This analysis was limited to individuals with chronic HCV infection (detectable HCV ribonucleic acid [RNA] ; N = 281) at baseline. Of these 281 individuals, 244 (79%) had at least 1 additional follow-up visit. Participants were observed for a median 2.9 years (interquartile range [IQR], 2.2-3.5). The study was approved by the Institutional Review Boards at Johns Hopkins University and YR Gaitonde Centre for AIDS Research and Education in Chennai, India.
Liver Stiffness Measurement
Transient elastography was conducted using a FibroScan machine (Echosens, Paris, France). Measurements were recorded using a small transducer located on the end of an ultrasound probe that emits a shear wave into the liver. Liver stiffness was measured from the velocity of the wave as it went through the liver and then expressed in terms of kilopascals (kPa) [21] . Three operators, trained and certified by the manufacturer, conducted measurements in the clinic. We considered valid examinations to have (1) at least 10 discrete valid measurements, (2) greater than a 60% success rate (number of valid measurements/ number of total measurements), and (3) minimum variability (IQR/median value <0.30). Per previous established cutoffs in India and the United States, an LSM ≥12.3 kPa was considered to be indicative of severe liver stiffness or cirrhosis [22, 23] , and an LSM ≥8.5 kPa was considered to be indicative of significant liver stiffness (FIB) [13, 24] . [18] ; and (2) APRI (AST (IU/L)/AST (upper limit of normal))/( platelet count (10 9 cells/L) × 100) [19] .
Statistical Analyses
We first directly evaluated the performance of FIB-4 and APRI in predicting severe (≥12.3 kPa) liver stiffness by calculating the area under the receiver operating characteristic curve (AUC) and sensitivity and specificity for validated cutoffs (FIB-4 >3.25 and APRI >1.5, respectively) [18, 19] . We then systematically considered inclusion of other markers, all of which had been considered in other validated panels [25] [26] [27] . In addition, we considered the performance of cutoffs of FIB-4 < 1.45 and APRI <0.5 in excluding significant stiffness. Separate models were constructed for prediction of severe stiffness/cirrhosis using APRI and FIB-4. We used logistic regression with the best subset algorithm to find a specified number of models with the highest likelihood score. Base models included either APRI or FIB-4, and then other variables were sequentially added. The final multivariable models were based on diminishing returns where increasing the number of covariates in the model did not significantly increase the difference in the score statistic (similar to the likelihood ratio test) between model j and model j + 1 [28] . We performed a leave-one-out cross-validation where each observation was withheld and the remaining observations used to fit the model [29] . Performance of these models was evaluated by calculating the AUC for all multivariate logistic regression models, and cutoffs values were selected that optimized sensitivity and specificity [30] .
Due to criticism of automated variable selection algorithms in logistic regression, we used random forests to confirm that we captured the most important variables that could enhance prediction of severe liver stiffness beyond FIB-4 and APRI. In brief, a random forest is a supervised, nonparametric, ensemble classification method that randomly creates decision trees by bootstrapping from a training dataset and then applying a random set of predictors at each node [31] . Trees are then aggregated to create the random forest, a process known as bagging. Variable importance for correct classification was measured by the mean decrease in classification accuracy (see Supplementary Data). Fibrosis 4 and APRI could not be computed for 3 individuals (1%); however, the rfimpute function was used to impute missing values [32] . Because random forests can detect nonlinear relationships, we used the random forest variable importance plots to ensure that we were not neglecting any important interactions when creating the models based on the logistic regression analysis.
Because our goal was to develop a parsimonious model that could be used in clinical settings in India, consideration of variables to include was based on (1) overlap between variables selected in the best subset logistic regression and variable importance from the random forest analysis and (2) feasibility and practicality of obtaining serum markers in LMICs. Sensitivity analyses included evaluating the performance of the models based on (1) exclusion of heavy drinkers (alcohol use disorders identification test [AUDIT] ≥15) because alcohol use can impact both serum markers and LSM and (2) stratification based on HIV status. A similar process was used to explore the accuracy of FIB-4 and APRI in excluding significant stiffness.
To further validate the accuracy of FIB-4, APRI, and other combinations of markers, we ascertained associations between predicted significant and severe stiffness and mortality. Persontime at risk was calculated as the time between the enrollment date and either date of death or the last date of contact for the participants. Models were adjusted for factors previously associated with mortality in this population (unpublished data) and sequentially included (1) predicted severe stiffness/cirrhosis according to FIB-4 and APRI, (2) prediction of significant stiffness (or more severe stiffness/cirrhosis) based on the final model from the best subset, (3) and a simplified score that included FIB-4, γ-glutamyl transpeptidase (GGT), and body mass index (BMI). We tested for violation of proportional hazards assumption by examining martingale residuals and conducting the Kolmogorov-type supremum test. The randomForest [33] and caret [34] packages in R (Foundation for Statistical Computing, Vienna, Austria) were used to tune parameters and perform cross-validation. SAS version 9.4 (SAS Institute Inc., Cary, NC) was used to compute descriptive statistics and perform logistic and Cox proportional hazards regression.
RESULTS
Baseline characteristics are shown in Table 1 . The median age was 42 years (IQR, 37-46) and all participants were male. Over half (55%) had an AUDIT score ≥15, suggestive of alcohol dependence. Of the 30% (N = 85) who were HIV coinfected, 55% had HIV RNA levels ≥4 log 10 copies/mL. Mild or moderate steatosis was detected in 140 (50%) individuals, and 74 (26%) individuals had severe liver stiffness. The median LSM was 7.9 kPa (IQR, 6.1-13.3), median FIB-4 was 1.97 (IQR, 1.16-3.37), and median APRI was 0.82 (IQR, 0.46-1.67). Concordance among FIB-4, APRI, and LSM is shown in Figure 1 .
Prediction of Severe Stiffness/Cirrhosis
For prediction of severe liver stiffness, AUCs for FIB-4 and APRI were 0.80 (95% confidence interval [CI], .74-.85) and 0.77 (95% CI, .71-.82), respectively ( Table 2) . At their respective high cutoffs, both panels performed well in excluding those who did not have severe liver stiffness (FIB-4 specificity 87% and negative predictive value [NPV] 87%; APRI specificity 83% and NPV 86%).
In the FIB-4 base model, the best subset for prediction of severe stiffness included HOMA-IR, HDL, and GGT. These variables were also among the most important identified in the random forest analysis (Figure 2 ). These models had a significantly higher AUC than FIB-4 and APRI alone (P = .0012). At the optimum cutoff probability, sensitivity increased from 62% in FIB-4 alone to 70% when these covariates were added. The APRI best subset model included age, GGT, HDL, HOMA-IR, and alkaline phosphatase, which were also identified to be among the most important variables in the random forest analysis. Similar to the FIB-4 best subset model, the AUC was significantly higher than APRI alone (P < .0001) with improved sensitivity and positive predictive value, 74% and 60%, respectively.
Exclusion of Significant Stiffness
Predictive accuracy for excluding significant stiffness was lower than for severe stiffness/cirrhosis (FIB-4 AUC = 0.72, 95% CI = .66-.78; APRI AUC = 0.72, 95% CI = .66-.77). Seventyeight percent (NPV) of those with no significant liver stiffness had a FIB-4 < 1.45. Exclusion of significant liver stiffness (or more severe) was improved with the addition of GGT, BMI, and HDL for the FIB-4 base model and GGT, BMI, age, very LDL, HDL, and HIV RNA for the APRI base model. The AUCs for the FIB-4 (0.83; 95% CI, .78-.88) and APRI (0.83; 95% CI, .78-.88) models were significantly higher than the FIB-4 (P < .0001) and APRI base models alone (P = .0005).
Simplified Model and Modified Fibrosis-4 Score Development
Simplified models included the addition of GGT, BMI, and age (for APRI only). The sensitivity for the simplified FIB-4 and APRI models was >70% for identification of severe stiffness/ cirrhosis and exclusion of significant stiffness. Although the simplified APRI score performed better than APRI alone, all FIB-4 models outperformed APRI. Thus, we developed a new score incorporating FIB-4, GGT, and BMI. The modified FIB-4 score was calculated using the following equation: FIB-4 × BMI × log 10 (GGT), where FIB-4 was coded as 1 = low range (<1.45), 2 = medium range (1.45-3.25), and 3 = high range (>3.25). For example, someone with a FIB-4 >3.25, BMI of 23, and GGT of 75 (U/L) would have a score of 3 × 23 × log 10 (75) = 129.4. This score performed significantly better than FIB-4 alone in predicting severe stiffness (AUC = 0.86; 95% CI, .81-.91; P < .0001) and excluding significant stiffness (AUC = 0.81; 95% CI, .75-.86; P < .0001). In an exploratory analysis, a cutoff of 88 had a sensitivity of 77% and a specificity of 80%. At a cutoff of 60, the specificity was 70% for predicting the exclusion of significant stiffness. In addition, using this lower cutoff, 81% of those without significant stiffness would have been correctly excluded. In sensitivity analyses, performance of the models was comparable when heavy alcohol users were excluded and when participants were stratified by HIV status (Supplementary Data).
Mortality
A total of 39 deaths was observed over 603.4 years of follow-up (6.5 deaths per 100 person-years). After adjusting for BMI, alcohol use, and CD4 count, severe liver stiffness was associated with a 5.11 increased risk of death (95% CI, 2.33-11.18). Compared with those with FIB-4 < 1.45 and APRI < 0.5, those with a FIB-4 >3.25 or APRI >1.5 had significantly increased mortality (adjusted hazard ratio[aHR] = 3.45, 95% CI = 1.43-8.32 and aHR = 2.67, 95% CI = 1.15-6.21, respectively) ( Table 3 ). In addition, those predicted to have severe stiffness at baseline based on the best subset FIB-4 (aHR, 3.20; 95% CI, 1.67-6.14) and APRI (aHR, 4.09; 95% CI, 2.10-7.97) models had significantly increased mortality compared with those not predicted to have severe stiffness. Using the modified FIB-4 score (FIB-4, GGT, and BMI), those with a score ≥88 had a 2.07 (95% CI, 1.00-4.25) increased mortality compared with those with a score <60.
DISCUSSION
New developments in HCV treatment will dramatically change management of chronic HCV; however, access remains a challenge, particularly in LMICs. Although treatment costs are lower in many LMICs including India where generic versions of DAAs such as sofosbuvir, ledipasvir, and daclatasvir are already available [35] , most governments are not subsidizing HCV treatment. Thus, a cure will remain out of reach for most in need. Although the goal is to treat everyone, resources are limited and some form of triage will be needed to maximize resources. Moreover, diagnosis of cirrhosis will continue to be important because these patients need to be monitored for development of hepatocellular carcinoma even after cured [36] and may require different regimens than those without cirrhosis [4] . Elastography, which is primarily used in the United States and Europe, has also been used in research settings in LMICs; however, access to elastography may not be realistic globally given the cost of the machine. FibroTest/Fibrosure is also used, but it is expensive and includes some markers that are unavailable in routine laboratories [11] . Panels using simple, easy obtainable laboratory markers such as FIB-4 and APRI may hold the most promise in LMICs. Although these panels have been validated extensively [18, 19, 37, 38] , nearly all studies derive from high-income settings. Our data provide some of the first evidence that these panels have high diagnostic accuracy for the diagnosis of liver disease among persons chronically infected with HCV in LMICs where there is significant diversity in underlying conditions that could impact accuracy (eg, diabetes, obesity, steatosis, tuberculosis treatment, other infections). Overall, FIB-4 had higher diagnostic accuracy than APRI, which is consistent with a recent metaanalysis that found a statistically significant difference in AUCs between FIB-4 vs APRI (AUC = 0.04; 95% CI, .02-.05) for predicting cirrhosis in persons infected with HCV [39] . Performance of FIB-4 in predicting severe liver stiffness/cirrhosis (AUC = 0.80) was within the range (95% CI, .76-.90) of other studies [18, 37] . Moreover, consistent with other studies [38, 40] , FIB-4 and APRI levels suggestive of severe stiffness/cirrhosis were associated with significantly increased mortality, providing additional assurance that FIB-4 and APRI are useful in detecting severe liver disease in LMICs.
One of the concerns with using these marker panels and cutoffs in LMICs is that behavioral or biological differences unrelated to liver disease could impact performance. Indeed, our modeling analyses suggested that the performance of FIB-4 and APRI could be enhanced with other serum biomarkers. The additional markers that were identified through both methods are consistent with what has been included in other validated marker panels (eg, GGT [41] ) as well as what is known about the phenotype of liver disease in India (eg, insulin resistance). For example, Indians have a genetic predisposition to insulin resistance, which has been previously demonstrated to be associated with severe FIB [13, 42] . The median BMI of our sample was 19.8 compared with approximately 24 [23, 43] in comparable populations in the United States and Western Europe. Thus, it is not surprising that the inclusion of BMI significantly improved predictive accuracy.
Although the optimal panels for excluding significant liver stiffness and predicting severe stiffness/cirrhosis in this population had high diagnostic accuracy, they also included several laboratory markers that may be difficult to obtain in routine clinical practice-either because of cost, laboratory capacity, or the requirement of fasting. Thus, it was encouraging that our modified FIB-4 score, which included only FIB-4, BMI, and GGT, also performed with high accuracy (AUC = 0.86) and could serve as a useful tool to enhance identification of persons with severe liver disease at no additional cost. γ-Glutamyl transpeptidase has been used previously in other noninvasive algorithms [41] , and BMI has been previously identified as an independent predictor of chronic liver disease [38] .
It is noteworthy to mention that the association between the modified FIB-4 score and mortality was not as strong as FIB-4 or the best subset model. This is most likely because those with low BMI (<18.5) were at an increased risk of mortality; however, when calculating the modified FIB-4 score, higher BMI is associated with a higher score. The increased risk of death due to being underweight reinforces the notion that PWID in India chronically infected with HCV may have different competing mortality risks that are distinct from North American or European risks.
Our study has several limitations. First, we did not have data on liver biopsy, which has long been considered the gold standard for diagnosis of FIB and cirrhosis. However, it is important to note that liver stiffness determination is replacing the biopsy in several high-income settings due to its noninvasive nature and high accuracy. In addition, misclassification of disease stage by liver stiffness would only reduce the apparent accuracy of the blood tests, which may well have been even more accurate than reported. Some of the factors that we identified as important for predicting liver disease in this population (eg, high BMI, alcohol use) have also been identified as factors that affect the performance of elastography [44] , and their association could reflect an impact on performance rather than identification of disease. However, in our sample, over 96% of patients had a BMI < 30 (the cutoff recommended for the standard probe of FibroScan), and results were unchanged when excluding those with heavy alcohol use. In addition, HIV has shown to be associated with liver disease progression; however, in our sample, no substantial differences in performance of the models Abbreviations: aHR, adjusted hazard ratio; APRI, APRI, aminotransferase to platelet ratio index; BMI, body mass index; CI, confidence interval; FIB-4, fibrosis 4; GGT, γ-glutamyl transpeptidase; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment insulin resistance; HR, hazard ratio; LSM, liver stiffness measure. a The aHR in each row represents a distinct model that adjusted for alcohol use, BMI, and CD4 count.
b Predicted to have at least significant liver stiffness at baseline (≥8.5 kPa) based on optimal cutoff using model with FIB-4, GGT, BMI, and HDL. between HIV-negative and HIV-positive individuals were observed. Although we had several levels of internal validation, we did not have an external validation set from another LMIC to test performance of our new models, such as the modified FIB-4. In addition, it is possible that the FIB-4 and APRI cutoffs used in this analysis may not be the optimum cutoffs given genetic and sociodemographic differences between populations in highincome and low-or middle-income countries. We also did not have a reliable cause of death because these data were collected by verbal autopsy from family and friends. Despite this, only 1 death (homicide) was due to a nonchronic disease-related cause. Finally, it was encouraging that there was significant overlap in the variables chosen from 2 different methods. However, additional validation among populations with different sociodemographics and/or comorbidities is needed.
CONCLUSIONS
In sum, both FIB-4 and APRI had high diagnostic accuracy for the diagnosis of significant and severe stiffness/cirrhosis in this community-based sample of PWID chronically infected with HCV living in Chennai, India. Additional biomarkers, such as BMI and GGT, should also be considered because they may enhance prediction of liver stiffness as shown by the performance of the modified FIB-4.
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